gas and liquid chromatography (GC and LC). Nowadays, rapid strategies for chemical characterizations of illicit drugs are available.
HYPHENATED TECHNIQUES
The coupling of spectrometers to chromatographs resulted in very powerful so-called hyphenated (coupled) techniques enabling online direct analysis of complex matrices containing illegal drugs. The GC-MS, developed during the 1950s, after being originated by James and Martin in 1952, 1 was practically the only heavily used hyphenated method for half a century, but its application is rather limited to the thermally stable nonpolar volatiles. In the second half of the twentieth century, the development of the MS ionic sources compatible with LC, such as APCI (atmospheric pressure chemical ionization) by Henion 2, 3 and ESI (electrospray ionization) by Fenn 4 , enabled combination of LC with MS as a tandem LC-MS technique applicable to the variety of polar nonvolatiles. Today, various hyphenated methods involving coupling LC and MS are becoming routine, e.g., the LC-UV-photodiode array detection-MS (LC-UV-MS), the LC-tandem MS (LC-MS-MS), and the LC-multiple stage MS (LC-MS n ). Although GC-MS (and nowadays LC-MS) screening in combination with a mass spectral library search is a very efficient technique, enjoying "gold standard" status in most forensic laboratories worldwide (see Chapters 4 and 8) , the similarity in chemical structures of the interesting compounds often results in similar chromatographic and spectral properties complicating the identification of new compounds, not only due to the lack of the reference mass spectra in common analytical libraries and the limited availability of certified reference material, but also due to the need for an analytical method that can discriminate between (stereo)isomers. In such cases, nuclear magnetic resonance (NMR) spectroscopy, which is one of the most potent structural elucidation techniques, could be the method of choice enabling unambiguous determination of structure and stereochemistry of the compounds in question. In many cases, direct NMR spectroscopy (without chromatographic separation) could be used for identification and also quantification of drugs in different matrices, as demonstrated in a recent report regarding quantification of synthetic cannabinoids in herbal smoking blends. 5 The LC-NMR technique is considered as the direct LC-NMR technique, whereas the LC solid phase extraction NMR (LC-SPE-NMR) and the microflow NMR are considered as indirect LC-NMR techniques. LC-SPE-NMR is the most used NMR hyphenated technique for natural product chemistry and metabolomics studies, but the lack of publications in forensics means that LC-NMR is still not routinely used. The main reasons for this are complicated automatization, hard interpretation of results, and time-consuming analysis. Nevertheless, this technique could be very useful for quantitative 1D or 2D NMR analysis, and, in that case, it could be a time-saving analysis. [6] [7] [8] 
1D AND 2D NMR SPECTROSCOPY
Since the first experiment in 1945, NMR has become one of the foremost methods for molecular identification, for evaluating detailed molecular structures, for understanding conformations, and for probing molecular dynamics. NMR spectroscopy can also be used for quantitative analysis. Using NMR (sometimes in conjunction with the other types of spectroscopy, but often by itself), chemists can usually define a complete molecular structure in a very short time.
NMR spectroscopy is a special branch of spectroscopy that uses magnetic properties of the atomic nucleus. The method is based on the fact that some atomic nuclei have magnetic properties, namely the nuclear spin. Nuclei that possess spin (for example, a proton) placed in the magnetic field behave like bar magnets and respond to the influence of an external field, tending to align themselves in the manner of a compass needle in the earth's magnetic field. Because of the quantum nature of the phenomena, a proton can adopt only two orientations with respect to an external magnetic field, aligned with the field (the lower-energy state), or opposed to the field (the higher-energy state). If a proton is in the aligned orientation, it can absorb energy, and pass into opposed orientation.
Upon the irradiation of the precessing nuclei with the beam of the radiofrequency (Rf) energy of the correct frequency, the low-energy nuclei may absorb this energy and move to the higher-energy state. The precessing nuclei will only absorb energy from the Rf source if the precessing frequency is the same as that of the radiofrequency beam. When this occurs, the nucleus and radiofrequency are said to be in resonance, hence the term nuclear magnetic resonance. Many good textbooks describe the theoretical background of NMR spectroscopy. 9, 10 The simplest NMR experiment consists in exposing the protons in a molecule to a powerful external magnetic field. If protons have different chemical surroundings, not all of them will precess at the same frequency. When these protons are irradiated with an appropriate energy, it will promote the protons from the low-energy state (aligned) to the high-energy (opposed) state. The NMR analyst records this absorption of energy in the form of an NMR spectrum. During the first three decades of NMR spectroscopy, all measurements relied on one-dimensional modes of observation, which resulted in the spectra having just one frequency axis, the second axis being used to display signal intensities. The development of two-dimensional experiments started a new era in NMR spectroscopy. Spectra recorded by these methods have two frequency axes, intensities being displayed in the third dimension.
The idea of two-dimensional (2D) NMR, proposed by Jeener in 1971, 11 and its subsequent spectacular developments by Ernst and coworkers triggered acceleration in NMR activity, with new possibilities being further opened up by an avalanche of novel ideas from many laboratories. In 1976, Ernst's paper about the application of 2D NMR 12 utilized Jeener's idea to produce spectra. Manufacturers also played a major role by providing the pulse programmers and probe hardware that allowed everyone to join in the fun. Introduction of routine 2D NMR measurements in the 1980s afforded much more efficient and more reliable interpretation of the NMR data of organic molecules. Application of this methodology led to full structural assignments for many compounds, and the subsequent development of 3D and 4D NMR techniques (Wütrich) 13 in the 1980s enabled the 3D structure determination of a small protein in solution using only NMR data. In 1991, Ernst won the Nobel Prize in chemistry for his contributions to Fourier transform NMR. Wütrich also earned the Nobel Prize for chemistry in 2002 for his development of nuclear magnetic resonance spectroscopy for determining the three-dimensional structure of biological macromolecules in solution, i.e., the development of 3D and 4D NMR techniques.
ROUTINE METHODS OF 2D NMR SPECTROSCOPY
2D NMR spectroscopy methods used routinely nowadays are listed in Table 10 .1. Since it was discovered more than 60 years ago that even "simple," one-dimensional NMR spectra contained a wealth of information about a molecule and because the extraction of the NMR parameters was not always straightforward, there were many attempts to develop methods for analyzing the spectra. To understand the complexity of measured spectra, computer programs evolved to perform quantum mechanical calculations of NMR spectra. As a help in analyzing NMR spectra, quite a lot of web resources for structural elucidation are available; some of them are summarized in recent publications in the Journal of Chemical Education 14 and in Magnetic Resonance in Chemistry. 15 Nowadays, visualization, processing, and analysis of the NMR data can be done even on smartphones and tablets. 16 
Heteronuclear Correlation HSQC (Heteronuclear Single Quantum
Coherence) and HMQC (Heteronuclear Multiple Quantum Coherence), connect heteronuclei (e.g., 13 C and H or 15 N and H) via direct scalar coupling ( 1 J CH or 1 J NH ).
HMBC (Heteronuclear Multiple Bond Correlation), connects heteronuclei (e.g., 13 C and H) via long-range ( 2 J CH , 3 J CH ); used to establish connectivity between two separate spin systems (A and B).
SELECTED EXAMPLES OF THE NMR ANALYSIS OF ILLEGAL DRUGS
Since its foundation (1966), the Laboratory of Instrumental Analysis, at the Faculty of Chemistry, and the Centre of Chemistry (ICTM), University of Belgrade is involved in different areas of instrumental organic analysis. [17] [18] [19] The research focuses on isolation and structural determination of natural products and in that respect NMR analysis is the most valuable source of information. [20] [21] [22] In addition, the Laboratory (accredited according to ISO 17025) is engaged in solving different practical problems, such as quality control of raw materials and final products in chemical industry, analysis of chemical weapons, forensic analyses involving identification of illegal compounds (see below), etc.
Application of NMR spectroscopy in the detection of illegal drugs carried out in our laboratory is demonstrated through the selection of six examples given in Sections 10.5.1-10.5.6.
aCetiC aCiD anhyDriDe (aa) as a preCursor of illiCit narCotiC anD psyChotropiC Drugs
The analysis of an unknown liquid taken from a tank truck held at the border crossing at Horgoš (between Serbia and Hungary) was carried out on the demand of the Ministry of Health in 2003. The content of the tank truck was officially declared as "anhydrous acetic acid." The NMR and IR spectra of the suspicious sample taken from the tank truck unambiguously revealed acetic acid anhydride and not anhydrous acetic acid, as declared. Obviously, this was an attempt at illegal importation of acetic acid anhydride, a chemical whose traffic is strongly controlled, because it is on the list of precursors used for heroin production (by acetylation of morphine), and also for the synthesis of benzyl-methyl ketone, the basic precursor for Leuckart synthesis of amphetamine (Figure 10 .1).
illegal proDuCtion of amphetamine
The amphetamine (AM) group and related aromatic ring-substituted substances are generally synthetic compounds, belonging to one of the most heavily abused drug groups in recent years. Some compounds in this class also originate from plants. Amphetamine, its N-methyl derivative (meth), and their analogs are among the many illicit psychotropic drugs stimulating the central nervous system. They can induce numerous unwanted effects, such as hypertension and long-term addiction leading to violent destructive behavior and acute psychosis similar to paranoid schizophrenia. International attention is increasingly focusing on the growing issue of amphetaminetype stimulants (ATSs). Particularly over the last 10 to 15 years, abuse of the ATSs, involving amphetamines (amphetamine and methamphetamine) and substances of the ecstasy group (MDMA, MDA, MDEA, etc.), has become a global problem. There are regional differences, but today no country is spared of one of the many facets of ATS manufacture, trafficking, or abuse. This was the reason that the UN Office on Drugs and Crime in Vienna published a very comprehensive "Manual for Use by National Drug Testing National Laboratories." 23 In this manual, the following instrumental analytical techniques for the analysis of ATS are presented: presumptive tests (color tests, anion tests, microcrystal tests), thin-layer chromatography (TLC), gas chromatography-flame ionization detector (GC-FID), gas chromatography-mass spectrometry (GC-MS), high-performance liquid chromatography (HPLC), Fouriertransform infrared (FTIR) spectroscopy, 1 H nuclear magnetic resonance (NMR) techniques, capillary electrophoresis (CE), solid-phase microextraction-gas chromatography (SPME-GC), and gas chromatography-Fourier-transform infrared spectroscopy (GC-FTIR).
In 2003, our laboratory received ca. 100 samples from the Agency for Medicines, Serbia, collected during an action of the police in the "pharmaceutical" plant "Lenal Pharm," suspected of illegal production of illicit chemical substances (Figure 10.2) .
The samples were analyzed using the FT infrared (IR) spectroscopy and nuclear magnetic resonance ( The assignments of proton signals, based on a simple first-order analysis, using chemical shifts and coupling patterns, proved the basic structure of amphetamine in the form of salts, such as sulfate and tartrate. The epilogue was that the firm owner and the remaining persons involved in illegal production were sentenced to longterm imprisonment. 
synthetiC CannaBinoiDs
The detection of synthetic cannabinoids within the recreational drug market was first reported in Germany in 2008, 24 and has since spread to become a worldwide phenomenon. The identification of new substances of abuse (SOA) continuously emerging on the market has become a tremendous challenge in the forensic field. About 100 SOAs were reported to the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) in 2015, a 25% increase from 2014. 25 A development of fast identification and structural characterization of newly emerging SOA is crucial.
Various products available through the Internet contain synthetic cannabinoids as psychoactive adulterants. Identification of the new SOA, with a slightly altered chemical structure compared with an original illegal drug, usually implies isolation of the compound, and complete structure elucidation. Since the first identification of synthetic cannabinoids in the "herbal mixture," the market has grown continuously. Owing to legal restrictions, initially added substances have meanwhile nearly vanished from the market. As the "herbal highs" market continues to boom, the added synthetic cannabinoids are exchanged with new ones, trying to stay at least one step ahead of legal restrictions.
Most of the added substances belong to the chemical group of the aminoalkylindoles (see Scheme 10.1 for compounds 1 and 2, isolated in 2012), and for many of them the synthetic procedures have been described in the literature. During regular market surveillance, Moosmann and coworkers 26 identified two new synthetic cannabinoids, one in the "herbal mixture" labeled XoXo (1), and the other (2) obtained from a seizure.
The methods recommended by the Laboratory and Scientific Section United Nations Office on Drugs and Crime, Vienna for the identification and analysis of synthetic cannabinoids are presented in the manual. 27 They comprise the following techniques: presumptive tests, TLC, GC-FID, GC-MS, ultra-high-performance liquid chromatography (UHPLC), liquid chromatography-tandem mass spectrometry (LC-MS-MS), ATR-IR and FTIR, gas chromatography-infrared detection (GC-IRD), ambient ionization mass spectrometry, high-resolution mass spectrometry (HRMS), matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS), and nuclear magnetic resonance (NMR) spectroscopy.
In August 2014, the composition of an "air freshener" was tested in our laboratory as a preparation of a lab exercise for the summer school of chromatography in the Petnica Science Center (Valjevo, Serbia). The sample was supplied from a nearby shop, under the name "BAD MAD marshmallow leaf vanilla," a product of Maya World Trading (EU). The extract of the above sample obtained by the combined acid/base extraction procedure described by Agilent 28 was directly analyzed using GC-MS, as well as 1D and 2D NMR techniques ( Figures  10.6-10.10) .
As it could be seen from Figure 10 .6, the sample contained a single compound with a molecular ion m/z 324 (t R = 17.8 minutes). However, the best match obtained by the NIST 11 library was rather low, ca. 58%, so it was obvious that the spectrum of an unknown compound was not available in the library. This prompted us to measure the 1 H and 13 C NMR spectra of the unknown substance (Figures 10.7 and  10.8) . The NMR spectra, assigned using the 2D NMR techniques COSY and HSQC (Figures 10.9 and 10 .10, respectively), together with a comparison with the published data 29 revealed the structure of the indazole derivative named (AB-FUBINACA). Thus, it was obvious that the analyzed sample contained an illicit cannabimimetic drug. 
fake antitetanus vaCCine
As it was pointed out recently, 30 falsified medicines are not controlled and it is therefore not known what these products really contain. Neither the quality nor the efficacy of these products can be assured. Analytical techniques used for identifying the counterfeit drugs have been reviewed by Martino et al. 31 The techniques discussed were colorimetry, thin-layer chromatography, gas chromatography (GC), high-performance liquid chromatography (HPLC), mass spectrometry (MS), and different vibrational spectroscopic methods. Also 1 H NMR has been proven very useful for detecting and quantifying the illegal compounds. 32 The following example involving the analysis of a false antitetanus vaccine was carried out in our laboratory, mostly using the 1 H NMR spectroscopy ( Figures 10.11 through 10.13) . From the Belgrade Police Department, our laboratory received a request to carry out the analysis of the imported antitetanus vaccine Tetaglobuline allegedly produced in the Institute Pasteur Mérrieux Connaught (it was confirmed that serial numbers printed on the labels of vaccine were never issued by the Institute Pasteur).
A big difference between these two spectra (Figures 10.11 and 10.13) was obvious at a first glance. The spectrum (broad signals) of Tetagam P was typical of a protein molecule that should be the active constituent in the proper antitetanus vaccine, whereas the spectrum of the sample under suspicion unambiguously indicated the presence of gentamicin, the broad-spectrum antibiotic, ca. ten times cheaper than the antitetanus vaccine. The latter was proved by the identity of the above NMR spectrum with that of the sample of gentamicin (not shown). Thus, it could be concluded 
green Coffee for slimming
This rather popular dietary supplement, sold under the name "Green coffee for weight loss," a product of Elephant Co.-Strong Nature (Belgrade, Serbia), was analyzed in our laboratory about seven years ago. The analyzed sample was supplied from a nearby drugstore. The package contained 14 aluminum bags (two weeks' dose), each of them declared to contain only natural ingredients, such as 5.87 g coffee, 2.920 g powdered milk, 17.5 mg dried fructus of unripe orange, 12.5 mg Chinese rose essence, 300 mg Chinese lotus leaves essence, 12.5 mg wild rose essence, 10.75 mg juniper essence, 600 mg chitin, 20 mg vitamin B3, 5 mg vitamin B6, and 250 mg vitamin C. 
CONCLUSION
NMR spectroscopy provides the forensic analyst with an extremely powerful tool for the detection and quantification of drugs. A whole range of one-dimensional (1D) and two-dimensional (2D) NMR techniques is available for performing the required analyses. These NMR methods may be used for routine purposes, such as to confirm the identity of a drug, or to quantify the amount of an illicit substance.
In many cases, direct NMR spectroscopy (without chromatographic separation) could be used for the identification and also quantification of drugs in different matrices. Although NMR is one of the essential spectroscopic techniques for the structure elucidation of unknown compounds, it is still far less common than mass spectrometry in routine usage in forensic laboratories. Basic weaknesses of NMR are its relatively low sensitivity, and the high price of the instruments and the deuterated solvents needed for the analysis. However, there are a couple of ways to lower these expenses: using probes with smaller diameters (if the substances of interest are soluble in small amounts of solvent), or using nondeuterated solvents in the standard sample tube with a reusable internal capillary filled with deuterated solvent with solvent suppression. 34 For the more complex samples requiring chromatographic separation, a hyphenated LC-NMR technique is now available. In recently published books 6-8 NMR was considered a potential universal detector for liquid chromatography and this hyphenated technique was discussed in detail.
